
ABSTRACT

Biologically mediated reductive dissolution 
and precipitation of metals and radionuclides 
play key roles in their subsurface transport. 
Physical and chemical properties of natural 
aquifer systems, such as reactive iron-oxide 
surface area and hydraulic conductivity, 
are often highly heterogeneous in complex 
ways that can exert signifi cant control on 
transport, natural attenuation, and active 
remediation processes. Typically, however, 
few data on the detailed distribution of these 
properties are available for incorporation 
into predictive models. In this study, we inte-
grate fi eld-scale geophysical, hydrologic, and 
geochemical data from a well-characterized 
site with the results of laboratory batch-reac-
tion studies to formulate two-dimensional 
numerical models of reactive transport in a 
heterogeneous granular aquifer. The models 
incorporate several levels of coupling, includ-
ing effects of ferrous iron sorption onto (and 
associated reduction of reactive surface area 
of) ferric iron surfaces, microbial growth and 
transport dynamics, and cross-correlation 
between hydraulic conductivity and initial 
ferric iron surface area. These models are 
then used to evaluate the impacts of physical 
and chemical heterogeneity on transport of 

trace levels of uranium under natural condi-
tions, as well as the effectiveness of uranium 
reduction and immobilization upon introduc-
tion of a soluble electron donor (a potential 
biostimulation remedial strategy).

Keywords: reactive transport, heterogeneity, 
modeling, groundwater, uranium.

BACKGROUND AND APPROACH

Microbial Reduction of Metals and 
Radionuclides

Subsurface contaminants of greatest con-
cern at a number of U.S. Department of Energy 
(DOE) facilities include metals (e.g., lead, chro-
mium, and mercury) and radionuclides (e.g., 
uranium, strontium, cesium, technetium, and 
plutonium). These elements are long-lived and 
relatively mobile in the subsurface environ-
ment and pose potential risks to humans and 
the natural environment (Lawrence Berkeley 
National Laboratory, 2003). In situ bioreme-
diation is currently being studied as a potential 
technology for remediation of DOE waste sites. 
In the more common application of in situ bio-
remediation to organic chemicals, microbes can 
degrade contaminants into daughter products 
while using the contaminant as a carbon source. 

Biotransformation of metals and radionuclides, 
however, must rely on a somewhat different 
process, since these elemental materials can-
not be degraded into any less complex form and 
do not serve as sources of carbon. Most current 
research focuses on the potential for metals and 
radionuclides to be used in microbial respiratory 
processes as electron donors or acceptors. This 
process results in changes in valence state of the 
contaminants and often has signifi cant implica-
tions for their mobility in the subsurface.

In this paper, we focus on the microbially 
mediated reduction of uranium from the soluble 
U(VI) valence state to the relatively insoluble 
U(IV) valence state. Metal-reducing micro-
organisms obtain energy for cell growth and 
metabolism through oxidation-reduction reac-
tions, which involve the transfer of electrons 
from one material (the electron donor) to another 
(the electron acceptor). It has been shown in 
laboratory and fi eld studies that naturally occur-
ring microorganisms can utilize dissolved ura-
nium as an electron acceptor, thereby changing 
the valence state of the uranium and causing 
the precipitation of U(IV) minerals (Lovley et 
al., 1991; Lovley and Phillips, 1992; Ander-
son et al., 2003; Istok et al., 2004). Associated 
decreases in the concentration of uranium in the 
mobile aqueous phase reduce risks associated 
with transport in groundwater to environmental 
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receptors (for example, springs or groundwater-
fed streams).

Because uranium has a reduction potential 
similar to that of iron (and because iron occurs 
at higher concentration in most aquifers), ura-
nium reduction typically occurs as a cotrans-
formation in conjunction with iron reduction as 
the primary form of microbial respiration. Other 
substances common in groundwater that have 
higher reduction potentials than iron (such as 
oxygen and nitrate) must be removed from the 
aquifer system before iron and uranium reduc-
tion can proceed. Many shallow aquifers do not 
have suffi cient natural carbon and nutrients to 
support microbial activity necessary to create 
anaerobic conditions, so in these cases, it is nec-
essary to inject a soluble carbon source to stimu-
late the necessary level of microbial activity.

Effects of Physical and Chemical 
Heterogeneity

Spatial variability in aquifer properties (het-
erogeneity) can exert signifi cant control on the 
effectiveness of in situ bioremediation processes. 
In the case of microbial uranium reduction, suc-
cessful implementation requires that all of the 
following constituents occur together in the 
subsurface environment: contaminant (second-
ary electron acceptor), metal-reducing bacteria, 
electron donor, and primary electron acceptor. 
In most cases, the co-occurrence of these con-
stituents will cause suffi cient microbial growth 
and activity to reduce the concentration of any 
strong oxidants (e.g., oxygen and nitrate) to suf-
fi ciently low concentrations and render metal 
reduction thermodynamically favorable.

Each of these necessary constituents is typi-
cally heterogeneous in natural systems. In the 
case considered here, the contaminant (uranium 
in the oxidized U[VI] form) is strongly sorbed 
to naturally occurring iron oxides that are het-
erogeneously distributed in distinct laminations 
(see Fig. 1). Natural subsurface bacteria com-
monly attach to solid grain surfaces and may 
preferentially attach to fi ne-grained and/or iron-
coated solids that are heterogeneously distrib-
uted, thereby creating a heterogeneous distribu-
tion of biomass. Heterogeneity in biomass can 
also arise from spatial variations in labile car-
bon concentration or other controls on microbial 
growth; these also can impact the type of organ-
isms favored and therefore lead to variations 
in microbial community structure. The fl ow 
pathways of an injected carbon source (electron 
donor) are controlled by the physical heteroge-
neity of the aquifer, in particular the variability 
in hydraulic conductivity or permeability. Iron 
oxides often serve as the primary electron accep-
tor in the microbial respiration process, and, as 

has already been noted, are heterogeneously 
distributed. Perhaps most importantly, the het-
erogeneous distributions of each are controlled 
by related properties and processes, and can 
therefore be expected to correlate in important 
ways. For example, if electron acceptors, con-
taminants, and bacteria preferentially associate 
with fi ne-grained sediments, while the electron 
donor is preferentially delivered to coarse-
grained (more permeable) sediments, this will 
likely have a negative impact on the success 
of the fi eld-scale biostimulation. In laboratory 
microcosms, biologically reacting systems are 
usually well-mixed and uniform. But in the 
fi eld, physical and chemical heterogeneity are 
the rule rather than the exception. Currently, the 
impacts of joint (correlated) heterogeneity in 
physical and biogeochemical aquifer properties 
on the effectiveness of in situ bioremediation 
are poorly understood. This is primarily because 
there are few sites where the spatial distribution 
of these properties has been well-characterized, 
and because numerical simulation of the mul-
tiple interacting processes is complex and com-
putationally demanding.

Numerical Experimentation Approach

We present here the methods and results of a 
set of numerical experiments. The goal of these 
experiments is to quantify, under hypothetical 
but realistic model conditions, the impact of 
various forms of heterogeneity on the effec-
tiveness of fi eld-scale immobilization of ura-
nium by biologically mediated reduction. The 
numerical experiments are based on hydrologic, 
geophysical, and biogeochemical data from an 

analog fi eld research site (not actually contami-
nated with uranium) for which extensive char-
acterization data are available. This fi eld site in 
eastern Virginia, known as the South Oyster site, 
was used for research on subsurface microbial 
transport sponsored by the U.S. Department of 
Energy and has been described in several pre-
vious publications (e.g., DeFlaun et al., 1997; 
Balkwill et al., 2001; Chen et al., 2001; Hub-
bard et al., 2001; Scheibe et al., 2001; Zhang et 
al., 2001; Scheibe and Chien, 2003; Mailloux 
et al., 2003).

We developed a two-dimensional numeri-
cal model of fi eld-scale groundwater fl ow and 
biogeochemically reactive transport; the model 
incorporates highly resolved heterogeneous 
property distributions generated using geostatis-
tical methods. We then used this model to simu-
late a hypothetical uranium contamination and 
bioremediation scenario.

METHODS

Biogeochemical Reaction Model

The reaction model includes 27 equilibrium 
speciation reactions and 5 kinetic reactions, 
which are listed in Table 1. Equilibrium specia-
tion reactions include the major groundwater 
components (Na-acetate, U[VI], Ca2+, CO

3
2–), as 

well as the ferrous iron generated during Fe(III) 
reduction. The speciation system includes sur-
face complexation of U(VI) and Fe(II) accord-
ing to a generalized composite nonelectrostatic 
model as described in Davis et al. (1998). Inclu-
sion of Fe(II) surface complexation is critical 
to modeling microbial Fe(III) oxide reduction 

Figure 1. Photograph of an excavation face from a borrow pit near the fi eld research site on 
which the hypothetical model system is based. Dark-reddish bands are fi ne-grained layers 
with high proportion of iron-oxide grain coatings.
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because of the inhibitory effect of surface-
bound Fe(II) on enzymatic electron transfer to 
Fe(III) oxides (Roden and Urrutia, 2002). In 
addition, knowledge of the aqueous-phase ver-
sus solid-phase partitioning of biogenic Fe(II) is 
required in order to estimate the impact of aque-
ous-phase thermodynamic limitations on Fe(III) 
oxide reduction rates.

The fi rst kinetic reaction describes the produc-
tion of Fe(II) via microbial reduction of Fe(III) 
oxide according to dual Monod kinetics with 
respect to biomass and acetate and fi rst-order 
kinetics with respect to “free” Fe(III) oxide sur-
face sites, which are bioavailable, considering 
the free-energy limit:

R V
[BM]

K [BM]
Fe OHFe(III) max,Fe(III)

m,BM
s=

+
([ ]

 Fe OH Fe IIw s+ −[ ] [ ( ) ])

 
[Ac]

K [Ac]
f G

m,Ac,Fe(III)
rxn+

⎛

⎝⎜
⎞

⎠⎟
( )Δ , (1)

where R
Fe(III)

 is the reaction rate for reaction 
R26 in Table 1; [BM] and [Ac] are the concen-
trations of iron-reducing bacteria biomass and 
acetate, respectively; K

m,BM
 and K

m,Ac,Fe(III)
 are 

the Monod half-saturation constants for bio-
mass and acetate, respectively; and ([Fe

s
OH] + 

[Fe
w
OH] – [Fe(II)

s
]) represents the bioavailable 

Fe(III) oxide surface sites (the total number of 
strong [s] and weak [w] Fe[III] oxide surface 
sites minus the total sorbed Fe[II] concentra-
tion). Biomass concentration is measured in 
grams dry weight biomass per cubic decime-
ter of bulk sediment. This formulation implies 
that binding sites on the Fe(III) oxide surface 
occupied by sorbed Fe(II) are not available for 
microbial reduction, a phenomenon consistent 
with experimental studies of the geochemical 
and microbiological controls on this process 
(Roden and Zachara, 1996; Urrutia et al., 1998; 
Roden and Urrutia, 1999). V

max,Fe(III)
 is the maxi-

mum surface-area–normalized rate of enzy-
matic reduction at saturating cell density; and 
f (ΔG

rxn
) is a term accounting for the  infl uence of 

 aqueous-phase chemical conditions on the ther-
modynamic favorability of Fe(III) oxide reduc-
tion, defi ned by Liu et al. (2001) as:
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where R is the gas constant.
The total amounts of strong and weak bind-

ing sites on iron-oxide surfaces (formed by 
reactions R31 and R32 in Table 1) are computed 
according to:

Fe
s
OH = (1 – φ)ρ[Fe(III)] × MW × SA 

 × f
s
 × SSD  (4)

and

Fe
w
OH = (1 – φ)ρ[Fe(III)] × MW 

 × SA × (1 – f
s
) × SSD, (5)

where MW equals the molecular weight of 
oxide mineral (g mol–1), SA equals the specifi c 
surface area of oxide mineral (m2g–1), SSD 
equals the surface site density (mol m–2), f

s
 is 

the ratio of strong to total surface sites, φ equals 
the porosity, and ρ equals the aquifer material 
bulk density.

The second kinetic reaction is the bacterial 
reduction of U(VI) according to dual Monod 
kinetics with respect to aqueous U(VI) and 
acetate, and fi rst-order kinetics with respect 
to biomass:

R V
[U(VI) ]

K [U(VI) ]U(VI) max,U(VI)
aq

m,U(VI) aq

=
+

 
[Ac]

K [Ac]
[BM]

m,Ac,U(VI) +
⎛

⎝⎜
⎞

⎠⎟
, (6)

where R
U(VI)

 is the reaction rate for reaction R27 
in Table 1; [BM] and [Ac] are the concentra-
tions of iron-reducing bacteria biomass and ace-
tate, respectively; K

m,U(VI)
 and K

m,Ac,U(VI)
 are the 

Monod half-saturation constants for U(VI) and 
acetate, respectively; and V

max,U(VI)
 is the maxi-

mum rate of enzymatic reduction.
The third kinetic reaction describes the 

attachment to and detachment from solid grain 
surfaces of iron-reducing bacteria as a fi rst-order 
process with rate coeffi cients k

f
 (attachment) 

and k
r
 (detachment), a formulation commonly 

employed in subsurface microbial transport 
models (Murphy and Ginn, 2000):

 ∂
∂

= − +[ ]
[ ] [ ]

BM

t
k BM k BMf r s

ρ
Φ

  (7)

TABLE 1. REACTION NETWORK AND EQUILIBRIUM SPECIATION PARAMETERS

Reaction # Reaction parameter

CH3COO– + H+ = CH3COOH R1 log Keq = 4.76

CH3COO– + Fe2+ = CH3COOFe+  R2 log Keq = 1.82

Ca2+ + H2O = CaOH+ + H+ R3 log Keq = -12.78

Ca2+ + CO3
2– + H+ = CaHCO3

+ R4 log Keq = 11.44

Ca2+ + CO3
2– = CaCO3(aq) R5 log Keq = 3.22

CO3
2– + 2H+ = H2CO3 R6 log Keq = 16.68

CO3
2– + H+ = HCO3

2– R7 log Keq = 10.33

Fe2+ + H2O  = FeOH+ + H+ R8 log Keq = -9.5

Fe2+ + CO3
2– + H+ = FeHCO3

+ R9 log Keq = 12.33

Fe2+ + CO3
2– = FeCO3(aq) R10 log Keq = 5.5

Fe2+ + 2CO3
2– = Fe(CO3)2

2– R11 log Keq = 7.1

UO2
2+ + H2O  = UO2OH+ + H+ R12 log Keq = -5.09

UO2
2+ + 2H2O  = UO2(OH)2 + 2H+ R13 log Keq = -12

UO2
2+ + CO3

2– = UO2CO3 R14 log Keq = 10.071

UO2
2+ + 2CO3

2– = UO2(CO3)2
2– R15 log Keq = 17.008

UO2
2+ + 3CO3

2– = UO2(CO3)3
4– R16 log Keq = 21.384

FesOH + H+ = FesOH2
+ R17 log Keq = 7.29

FesOH + H2O = FesO
– + H+ R18 log Keq = -8.93

FesOH + H2O  + Fe++ = Fe(II)FesO
+ + H+ R19 log Keq = -1.65

UO2
2+ + FesOH + 2H2O = FesOUO2 + 2H+ R20 log Keq = -2.5

FewOH + H+ = FewOH2
+ R21 log Keq = 7.29

FewOH + H2O = FewO– + H+ R22 log Keq = -8.93

FewOH + H2O + Fe++ = Fe(II)FewO+ + H+ R23 log Keq = -1.65

UO2
2+ + FewOH + 2H2O = FewOUO2 + 2H+ R24 log Keq = -2.5

H+ + OH– = H2O R25 log Keq = 14

FeOOH(s) + 0.125CH3COO– + 1.875H+ = Fe2+ + 0.25HCO3
– + 1.5H2O + 0.0274BM R26 Eq(1)

CH3COO– + 4UO2(CO3)2
2– = 4UO2(s) + 10HCO3

– + H+ R27 Eq(6)

BM = BM_s R28 Eq(7,8)

BM decay R29 Eq(9)

BM_s decay R30 Eq(10)

0FeOOH(s) = FesOH R31 Eq(4)

0FeOOH(s) = FewOH R32 Eq(5)

BM—biomass in moles as C5H7O2N.
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and

 ρ ρ
Φ Φ

∂
∂

= −[ ]
[ ] [ ]

BM

t
k BM k BMs

f r s ,  (8)

where [BM
s
] is the concentration of attached 

bacteria (cells/g soil).
The fourth and fi fth kinetic reactions describe 

a generalized fi rst-order cell death/maintenance 
process applied to both aqueous and attached 
iron-reducing bacteria biomass.

 ∂
∂

= −[ ]
[ ]

BM

t
k BMda   (9)

and

 ∂
∂

= −[ ]
[ ]

BM

t
k BMs

d s .  (10)

Where appropriate, reaction model parameters 
were assigned values from available literature. 
Stability constants (log K values) for the aque-
ous equilibrium speciation reactions listed in 
Table 1 were obtained from Nordstrom et al. 
(1990), with the exception of those for the Fe2+-
CO

3
2–-H

2
O system, which were obtained from 

Bruno et al. (1992). The total abundance of oxide 
surface sites was defi ned by the specifi ed bulk 
Fe(III) oxide concentration (mol Fe dm–3); an 
assumed Fe(III) oxide surface area of 350 m2 g–1 
(chosen to be representative of poorly crystalline 
goethite, a common Fe[III] oxide component 
of soils and sediments; Cornell and Schwert-
mann, 1996); and the standard mineral surface 
site density of 3.84 μmol m–2 recommended by 
Davis and Kent (1990). The generalized com-
posite model for depicting U(VI) and Fe(II) 
sorption by Fe(III) oxide surfaces sites included 
both strong and weak sites (reactions R17–R24 
in Table 1), whose relative abundance could be 
altered to fi t experimental sorption data. How-
ever, since both U(VI) and Fe(II) sorption data 
could be adequately described using a single 
type of site, we assumed that equal quantities of 
strong and weak sites were present and used the 
same log K values for both types of sites. The 
half-saturation constant for acetate utilization by 
Fe(III) oxide reduction was set at 100 μM based 
on recent studies with Shewanella putrefaciens 
strain CN32 (Liu et al., 2001).

Other model parameters were empirically 
estimated based on laboratory batch studies 
using representative sediments collected from 
an excavation near the South Oyster site. Stabil-
ity constants for complexation of Fe2+ by Fe(III) 
oxide surfaces were derived from sorption iso-
therms computed with data from batch Fe(III) 
oxide reduction experiments. The V

max,Fe(III)
 and 

K
m,BM

 parameters for Fe(III) oxide reduction 
were obtained from model fi ts to experiments 
in which initial reduction rates were determined 
as a function of Fe(III)-reducing bacterial cell 

density. The abundance of free Fe(III) oxide 
surface sites available for microbial reduction at 
any given time during the simulation was equal 
to the total surface density (sum of the total con-
centrations of strong sites and weak sites) minus 
the concentration of Fe(II) sorbed to strong and 
weak oxide surface sites. Thus, rates of Fe(III) 
oxide reduction were dynamically controlled by 
the changing abundance of sorbed Fe(II). This 
same strategy was used successfully in a previ-
ous model of synthetic goethite reduction (Roden 
and Urrutia, 1999), although a different Fe(II) 
sorption model (Urrutia et al., 1998) was used 
in the previous study. Currently, use of sorbed 
Fe(II) abundance as computed by some type of 
equilibrium speciation expression appears to 
be the most straightforward and tractable way 
to model the infl uence of surface-bound Fe(II) 
accumulation on Fe(III) oxide reduction activ-
ity. The initial sorbed iron-reducing bacteria cell 
biomass was set equal to 2.0 x 10-5 M, which 
corresponds approximately to 105 cells per mL 
bulk sediment assuming the standard formula-
tion of cell material as C

5
H

7
O

2
N and a single 

cell mass of 5.0 x 10 -12 g (Burgos et al., 2002). 
Subsequent production of Fe(III)-reducing bac-
terial biomass was computed based on calcu-
lated rates of Fe(III) reduction, using yield coef-
fi cients for growth of Geobacter metallireducens 
with Fe(III)-citrate (5–100 mM) as an electron 
acceptor and excess acetate (20 mM) as a carbon 
and energy source in batch culture. Cell biomass 
was determined by measurement of protein con-
tent using the bicinchoninic acid (BCA) method 
(Smith et al., 1985) (Pierce Chemicals) after 
NaOH digestion. Protein content was converted 
to dry weight biomass assuming that cells were 
50% protein by mass (Madigan and Martinko, 

2006). The amount of Fe(III) reduced was deter-
mined by diluting 0.25-mL culture samples into 
5 mL of 0.5 M HCl, followed by determination 
of Fe(II) by the ferrozine method (Lovley and 
Phillips, 1986). Experimental data for growth 
yield experiments are shown in Figure 2. The 
results of the yield coeffi cient determination 
also agree well with recently published data for 
growth of G. sulfurreducens with acetate and 
Fe(III)-citrate in continuous culture (Esteve-
Núñez et al., 2005). 

The values of V
max

 and K
m,U(VI)

 for U(VI) 
reduction were obtained from U(VI) reduction 
kinetics studies with washed acetate/fumarate–
grown G. sulfurreducens cells under nongrowth 
conditions in PIPES (Roden and Scheibe, 
2005). K

m,Ac,U(VI)
 was assumed to be 200 μM. 

Because acetate concentration was present in 
excess in our study, U(VI) reduction rate did not 
have a strong dependence on the concentration 
of acetate.

Figure 2. Growth yield of Geobacter metallireducens with Fe(III)-citrate (5–100 mM) as an 
electron acceptor and excess acetate (20 mM) as a carbon and energy source in batch cul-
ture. Each data point represents the average of triplicate culture tubes.

TABLE 2. REACTION MODEL KINETIC 
PARAMETERS

Parameter Units Value

Vmax,Fe(III) mol (mol sites)–1 d–1 0.143

Km,BM g cell dm–3 bulk sed 0.00423

Km,Ac,Fe(III) mol Ac dm–3 pore fl uid 0.0001

YFe(III) mol cells (as C5H7O2N)
mol Fe(III)–1

0.0274

Vmax,U(VI) mol dm–3 g cells–1 d–1 0.0438

Km,U(VI) mol U(VI) dm–3 pore fl uid 0.000361

Km,Ac,U(VI) mol Ac dm–3 pore fl uid 0.0002

kf hr–1 0.03

kr hr–1 0.001

kd d–1 0.024

kda d–1 0.024
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Equilibrium speciation constants are sum-
marized in Table 1, and kinetic reaction model 
parameters are summarized in Table 2.

Aquifer Properties Model

The aquifer properties model is based on data 
and observations from the South Oyster bacte-
rial transport research site (e.g., Balkwill et al., 
2001). Extensive data from the fi eld site were 
available for use in development of a two-dimen-
sional high-resolution stochastic model of aqui-
fer properties. Data used here include (1) litho-
logic logs from sediment cores, including visual 
estimates of sediment type and percent sand, 
(2) permeability measurements taken on core 
samples and using a down-hole borehole fl ow 
meter, (3) grain-size distributions measured on 
sediment samples, (4) measurements of extract-
able iron (Fe[II] and Fe[III]) from core samples, 
and (5) ground-penetrating radar velocity and 
attenuation fi elds based on cross-borehole tomo-
graphic measurements. Figure 3 shows vertical 
logs of several data types collected from one of 
the three boreholes within the simulated tran-
sect. The geophysical data are the most spatially 
extensive and highly resolved, and (when inte-
grated with borehole data) provide a basis for 
estimating aquifer properties at locations not 
directly interrogated by boreholes. Details on 
the geophysical methods and their application 
to inference of aquifer properties at the South 
Oyster site are provided by Chen et al. (2001), 
 Hubbard et al. (2001), and Chen et al. (2004).

Three-dimensional simulations of hetero-
geneous property distributions have been gen-
erated for the South Oyster site by previous 
investigations (e.g., Scheibe and Chien, 2003). 
However, the computational demands associ-
ated with simulation of reactive transport of 
uranium and multiple other species over time 
periods of decades are very high. In addition, the 
most dense data (from hydrogeophysical meth-
ods) are available on two-dimensional transects 
along series of wells. Accordingly, we chose for 
this study to limit our simulations to two-dimen-
sional vertical cross sections. We recognize that 
this decision likely impacts the character of fl ow 
and transport in the simulated systems and lim-
its the validity of conclusions drawn. Neverthe-
less, incorporation of joint physical and chemi-
cal heterogeneity into multicomponent reactive 
transport models at high resolution represents 
a signifi cant advance, and the results obtained 
here are likely to motivate investment in com-
putational capabilities necessary to solve similar 
systems in three dimensions.

Three alternative methods of inferring the 
spatial distribution of reactive iron (hydr)oxides 
(Fe[III]) were used in this study.

Method 1: (Chen, 2004). The fi rst method 
(for conciseness, referred to here as Chen2004) 
uses geostatistical methods to simulate Fe(III) 
distributions conditional to direct  measurements 
at boreholes as hard data and geophysical 

 observations as soft data. This method has been 
described in Chen et al. (2004) and will not be 
described further here. Chen et al. (2004) did 
not infer corresponding hydraulic conductivity 
distributions because the goal of their study was 

Figure 3. Vertical logs of several types of data collected at borehole D1 within the simulated 
transect.
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the estimation of geochemical parameters. For 
the simulated Fe(III) fi elds based on the meth-
ods of Chen et al. (2004), hydraulic conductiv-
ity (K) distributions were simulated using the 
method described in the following based on the 
corresponding lithology distributions of Chen 
et al. (2004).

Method 2: (Geophys2). In the current study, 
we developed an alternative approach (referred 
to here as “Geophys2”) to jointly simulate both 
Fe(III) and hydraulic conductivity (K) distribu-
tions based on empirical correlations to lithol-
ogy distributions inferred from geophysical and 
borehole observations. A two-step process was 
used to simulate aquifer hydrologic and bio-
geochemical property distributions. First, geo-
statistical simulations of binary sand/mud dis-
tributions were generated using the sequential 
indicator simulation (SISIM) method of GSLIB 
(Deutsch and Journel, 1998). Then, simulations 
of hydraulic conductivity and Fe(III) content 
were created using sequential Gaussian simula-
tion (SGSIM) with locally varying means, where 
the local mean for a given cell was  determined 
by the corresponding mud/sand simulation. The 

vertical variogram of the binary indicator of sand 
and mud (Fig. 4) was estimated from the sand 
and mud data identifi ed during geologic logging 
of three cores collected within the  simulated 
 transect (taken from the same boreholes in 
which geophysical surveys were conducted). 
Because insuffi cient data existed to estimate the 
horizontal variogram, a 10:1 geometric anisot-
ropy model was assumed (ratio of horizontal to 
vertical variogram range) based on prior experi-
ence at the site. The variogram sill was assumed 
to be isotropic. SISIM simulations of mud/sand 
distributions were conditioned on observations 
of ground-penetrating radar (GPR) attenua-
tion as soft data. The soft data were derived 
by splitting the GPR attenuation data into fi ve 
classes and determining the frequency of sand 
and mud in each class at boreholes (where data 
were co-located). The GPR attenuation data and 
the probability of sand being present given the 
GPR attenuation data are shown in Figure 5. 
The quantitative defi nition of the fi ve classes 
is given in Table 3. Three indicator simulations 
representing a low, medium, and high propor-
tion of mud are shown in Figure 6. Because the 
geophysical data strongly constrain the lithol-
ogy, the proportion of mud varies only modestly 

across these three realizations from 12.4% to 
17.8%. Table 4 provides summary statistics of 
GPR attenuation, hydraulic conductivity, and 
Fe(III) concentration data from boreholes by 
facies type. Hydraulic conductivity simulations 
were generated using SGSIM with the locally 
varying mean option. The locally varying 
means for the mud and sand facies were based 
on the median values of core permeability data 
as assigned to the two facies, 0.00000073 and 
0.00278864 cm/s, respectively. In this manner, 
the simulations were conditioned indirectly on 
the geophysical soft data (through the mud/sand 
distributions), as well as directly to the core 

Figure 5. Ground-penetrating radar (GPR) attenuation (top; units m–1) and probability that 
sand is present (bottom), where the probability is derived from the calibration shown in 
Table 3. 

Figure 4. Vertical indicator variogram (sym-
bols—experimental; line—model) of binary 
sand/mud facies (top), hydraulic conductiv-
ity (center), and Fe(III) content (bottom). 

TABLE 3. PROBABILITY OF SAND AND MUD BY 
RANGES OF GPR ATTENUATION DATA

GPR radar attenuation Probability

Min. Max. Sand Mud

0.2297 0.4193 1 0
0.4193 0.5350 0.93 0.07
0.5350 0.6052 0.86 0.14
0.6052 0.8421 0.60 0.40
0.8421 1.4943 0 1

GPR—ground-penetrating radar.
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 permeability measurements. Vertical vario-
grams were calculated and modeled (Fig. 4) for 
the permeability residuals from the locally vary-
ing means (data value minus the locally varying 
mean), and again a 10:1  horizontal to vertical 
anisotropy ratio was assumed to defi ne the hori-
zontal variogram range. The three simulations 
of hydraulic conductivity that correspond to 
the indicator simulations shown in Figure 6 are 
shown in Figure 7. Simulations of Fe(III) were 
also generated using SGSIM with the locally 
varying mean option. The simulations were con-
ditioned on the Fe(III) concentrations observed 
at the borehole sampling locations and the 
simulations of sand and mud based on the GPR 
attenuation data. The borehole data  indicate 

that the Fe(III)  concentrations are higher within 
sand units below the approximate level of the 
peat-rich zone, at an elevation of about 3 meters 
below mean sea level (see Figs. 3 and 8). There-
fore, we used a two-part calibration, with a 
single mean for mud units wherever they were 
found, and separate calibrations for sand units 
above and below the −3 m elevation level. The 
three Fe(III) simulations paired with the indica-
tor simulations discussed earlier are shown in 
Figure 9.

Method 3: (CoreData). A third set of cor-
related hydraulic conductivity and Fe(III) simu-
lations (referred to here as “CoreData”) was 
generated based on core data alone, with no 
soft geophysical data constraint. The  vertical 

 variogram of the normal scores of the core 
hydraulic conductivity was estimated and mod-
eled, and a 10:1 horizontal to vertical anisotropy 
ratio was assumed as in the previous methods. 
Three simulations of the hydraulic conductiv-
ity conditioned on core data alone are shown 
in  Figure 10. The three simulations chosen for 
display correspond to the three simulations dis-
played in Figure 7 in that they were generated 
using the same random seed and following the 
same random path. Comparison of the corre-
sponding simulations in both fi gures indicates 
that there are similarities between them based on 
the use of the same hard core data and the same 
random path. The observed differences between 
the two simulations result from the infl uence of 
the soft geophysical data on the hydraulic con-
ductivity simulations shown in Figure 7. Corre-
lated simulations of Fe(III) were generated using 
SGSIM with the collocated cokriging algorithm, 
using the suite of previously generated hydrau-
lic conductivity simulations as soft data. That 
algorithm requires the specifi cation of the cor-
relation coeffi cient between the normal scores 
of the hard and soft data. We used a correla-
tion coeffi cient of 0.6, which is approximately 
the correlation observed between the hydraulic 
conductivity and Fe(III) simulations that were 
generated conditioned on the indicator sand and 
mud simulations. The vertical variogram of the 
normal scores of the Fe(III) core data shows a 
pronounced trend due to the difference in Fe(III) 
concentrations seen in the upper and lower sand. 
The fi tted vertical variogram has a range of 2 m, 
so the horizontal to vertical anisotropy ratio was 
assumed in this case to be 5:1, such that the hori-
zontal range is 10 m, consistent with that used 
for the rest of the simulations. The three realiza-
tions of Fe(III) corresponding to the hydraulic 
conductivity simulations in Figure 10 are shown 
in Figure 11.

For each of the three methods, several real-
izations were generated and used as input to the 
fl ow and reactive transport model described in 
the following section. For method 1 (Chen et 
al., 2004), ten realizations (pairs of simulated 
Fe[III] and lithology fi elds) were selected ran-
domly from a suite of 10,000 realizations pre-
viously generated by Chen et al. (2004). For 
method 2 (Geophys2), eleven realizations (pairs 
of Fe[III] and K fi elds) were selected by sorting 
a suite of 100 randomly generated realizations 
according to the proportion of mud facies and 
choosing realizations corresponding to the fol-
lowing percentiles: 2.5, 10, 20, 30, 40, 50, 60, 
70, 80, 90, and 97.5. For method 3 (CoreData), 
eleven realizations corresponding to those from 
method 2 (in the sense that they used the same 
random seed and random path in the simulation 
algorithm) were selected.

Figure 6. Three indicator simulations of sand (white) and mud (black) facies distributions, 
representing 5th percentile (top, 12.4% mud facies), median (center, 14.8%), and 95th per-
centile (bottom, 17.8%), proportions of mud. 
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Figure 8. Box plots showing distribution of 
measured total Fe(III) for three classes of 
sediments: (1) sand below the mud/peat zone 
(“Lower sand”), (2) mud/peat sediments 
(“Mud”), and (3) sand above the mud/peat 
zone (“Upper sand”). Total Fe(III) is gener-
ally much higher in the lower sand than in 
the upper sand (note that the vertical scale 
is logarithmic). The narrowest point in the 
box plot represents the median; the top and 
bottom of the box represent the upper and 
lower quartile, respectively; and the whis-
kers extend to the maximum and minimum 
data values, not including outliers. Outliers 
are defi ned as any values outside the inter-
quartile range by more than 1.5 times the 
interquartile range and are indicated by 
asterisks or circles. 

Figure 7. Three simulations of hydraulic conductivity corresponding to the three sand/mud 
facies distributions shown in Figure 6. 

TABLE 4. SUMMARY STATISTICS OF GPR ATTENUATION, HYDRAULIC CONDUCTIVITY (K), 
AND TOTAL FE(III) FROM BOREHOLES BY FACIES

Mud Sand

GPR radar 
attenuation

Hydraulic conductivity 
(cm/s)

Total Fe(III)
(μmol/cm3)

GPR radar 
attenuation

Hydraulic conductivity 
(cm/s)

Total Fe(III)
(μmol/cm3)

Mean 0.7468 0.00166664 7.173 0.4874 0.00719868 29.929
Standard error 0.0839 0.00163977 2.540 0.0133 0.00108659 3.669
Median 0.6387 0.00000073 3.172 0.4854 0.00278864 17.367
Standard deviation 0.3024 0.00751436 11.639 0.1089 0.00934720 31.561
Kurtosis 2.2076 20.99638794 6.017 0.7461 3.52747212 1.511
Skewness 1.6241 4.58201351 2.516 0.3238 1.84045242 1.188
Range 1.0749 0.03446071 44.355 0.6124 0.04573921 150.360
Minimum 0.4193 0.00000007 0.025 0.2297 0.00000007 0.025
Maximum 1.4943 0.03446078 44.380 0.8421 0.04573928 150.385
Count 13 21 21 67 74 74
Confi dence level of mean          
 (95.0%)

0.1828 0.00342049 5.298 0.0266 0.00216557 7.312

GPR—ground-penetrating radar.
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Flow and Reactive Transport Model

The model domain (simulated aquifer 
cross section) is 11.9 m long and 5.4 m thick. 
This is representative of the scale of transport 
 experiments conducted at the South Oyster site, 
and approximates the dimensions of a cross sec-
tion along the centerline of the experimental 
fl ow cell parallel to the direction of groundwater 
fl ow. For the simulations here, a horizontal head 
gradient of 0.03 was imposed through constant 
head boundaries at both ends of the domain, 
and no-fl ow boundaries were imposed along 
the top and bottom of the domain (represent-
ing the phreatic water table and an underlying 
low-permeability aquitard unit, respectively). 
The imposed boundary conditions induce mac-
roscopically uniform fl ow (from left to right 
in the orientation used for fi gures and anima-
tions). Groundwater fl ow and reactive transport 
were simulated using the HYDROGEOCHEM 
code (Yeh et al., 2004). Groundwater fl ow was 
simulated as steady state using the permeability 
distributions generated as described herein and 
the imposed boundary conditions. A spatially 
uniform porosity value of 0.34 was assigned 
based on inference from tracer tests conducted 
at the site (Scheibe et al., 2001). Bulk density of 
the aquifer solids was assumed to be 1.75 g/cm3. 
Relatively small values of longitudinal and 
transverse dispersivity (1.0 and 0.1 m, respec-
tively) were assumed that are representative of 
local-scale microdispersivity in sandy porous 

media and consistent with the fact that physi-
cal heterogeneity at scales larger than 0.5 m is 
explicitly quantifi ed in the model.

The reactive transport model was used to sim-
ulate the following hypothetical scenario:

Step 1: The model domain was contaminated 
by aqueous-phase uranium (dissolved U[VI]) 
fl owing into the model domain from an unspeci-
fi ed upgradient source at a uniform concentration 
of 30 μM. This uranium sorbed to natural iron-
oxide surfaces in the model domain, gradually 
coming to a quasi-equilibrium state after ~22 yr.

Step 2: Once the quasi-equilibrium state was 
reached in the model, a simulated bioremedia-
tion scenario was initiated by injecting a 10 mM 
solution of sodium acetate (soluble electron 
donor) at the upgradient boundary of the model 
domain. In the model, this is represented as a 
constant-concentration boundary at the left end 
of the model domain. The resulting microbial 
growth, acetate utilization, iron and uranium 
reduction, and transport of mobile species (bac-
teria, acetate, Fe[II], and U[VI]) was simulated 
over a 200 d period.

RESULTS AND DISCUSSION

The simulated results are presented as static 
and animated visualizations of the two-dimen-
sional distributions of the state variables, and 
as summary information in terms of cumulative 
percent of uranium reduced as a function of time 
in each suite of simulations. Figures  presented 

in this section are all in reference to the median 
mud content realization from the Geophys2 
ensemble (center panel of Fig. 6). For purposes 
of visual  comparison, animations are provided 
for one realization from each of the three suites 
(a randomly selected realization from the Chen 
et al. [2004] ensemble and realization #12 from 
both the Geophys2 and CoreData ensembles).

Figure 12 shows the simulated distribution of 
uranium (sorbed and aqueous phase) after the 
initial 22 yr loading period. A corresponding 
animation illustrating the development of this 
spatial distribution over the 22 yr period of ura-
nium loading is provided in Animation 1. Com-
parable animations from the selected Chen2004 
and CoreData realizations are provided in Ani-
mations 2 and 3, respectively. Note that the aque-
ous-phase (dissolved) U(VI) is distributed fairly 
uniformly at approximately the input concentra-
tion, whereas the solid-phase (sorbed) U(VI) is 
heterogeneously distributed and strongly associ-
ated with areas of high Fe(III) content (compare 
to Fig. 9, middle panel).

Figure 13 (upper left) shows the simulated 
distribution of sodium acetate (electron donor) 
after 200 d of biostimulation. Preferential deliv-
ery of the electron donor to areas of high hydrau-
lic conductivity is evident; signifi cant portions 
of the transect remain devoid of electron donor 
even 200 d after injection. In this model system, 
since hydraulic conductivity and initial Fe(III) 
content are positively correlated, the electron 
donor is delivered to portions of the aquifer 

Animation 1. Animation of simulation 
results for U(VI) contamination period 
(22 yr) for the Geophys2 case. The still fi g-
ure shows the frame for time = 3.3 yr. Upper 
panel—sorbed U(VI); lower panel—aque-
ous U(VI). All concentrations are in molar 
units (M). If you are viewing the PDF, or 
if you are reading this offl ine, please visit 
http://dx.doi.org/10.1130/GES00029.S1 or 
the full-text article on www.gsajournals.org 
to view the animation.

Animation 2. Animation of simulation 
results for U(VI) contamination period 
(22 yr) for the Chen2004 case. The still fi g-
ure shows the frame for time = 3.3 yr. Upper 
panel—sorbed U(VI); lower panel—aque-
ous U(VI). All concentrations are in molar 
units (M). If you are viewing the PDF, or 
if you are reading this offl ine, please visit 
http://dx.doi.org/10.1130/GES00029.S2 or 
the full-text article on www.gsajournals.org 
to view the animation.

Animation 3. Animation of simulation 
results for U(VI) contamination period 
(22 yr) for the CoreData case. The still fi g-
ure shows the frame for time = 3.3 yr. Upper 
panel—sorbed U(VI); lower panel—aque-
ous U(VI). All concentrations are in molar 
units (M). If you are viewing the PDF, or 
if you are reading this offl ine, please visit 
http://dx.doi.org/10.1130/GES00029.S3 or 
the full-text article on www.gsajournals.org 
to view the animation.
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suitable for iron-reducing bacterial activity. Fig-
ure 13 (upper right) shows the simulated distri-
bution of aqueous Fe(II)–reduced iron generated 
by microbial iron reduction. The distribution 
is closely related to that of solid-phase Fe(III) 
(lower-left panel of Fig. 13), because the Fe(III) 
serves both as a source of reduced Fe(II) and as 
sites for sorption of reduced Fe(II) (lower-right 
panel of Fig. 13). Comparison of the lower-
left panel of Figure 13 with the center panel of 
Figure 9 provides an indication of the amount 
of Fe(III) used during the 200 d period of bio-
stimulation. A corresponding animation show-
ing the development of the distributions shown 
in Figure 13 over the 200 d simulation period 
is provided in Animation 4. Comparable anima-
tions from the selected Chen2004 and CoreData 
realizations are provided in Animations 5 and 6, 
respectively.

Figure 14 shows the simulated spatial dis-
tributions of generated iron-reducing bacteria 
biomass at the end of the 200 d biostimulation, 
both solid-associated (lower-left panel) and 
aqueous (upper-left panel). Most of the biomass 
is associated with grain surfaces, and in particu-
lar Fe(III) solids. Cell concentrations are spa-
tially heterogeneous (patchy), varying over two 
orders of magnitude within the simulated tran-
sect. The right-hand panels of Figure 14 show 
the simulated distributions of aqueous (top) and 
sorbed (bottom) U(VI) at the end of the 200 d 
biostimulation. The microbial activity as simu-
lated is effective at reducing the majority of the 
contaminant within the time period simulated, 
but there remain small patches of moderate con-
centration, particularly of sorbed U(VI). A cor-
responding animation showing the development 
of the distributions shown in Figure 14 over the 
200 d simulation period is provided in Anima-
tion 7. Comparable animations from the selected 
Chen2004 and CoreData realizations are pro-
vided in Animations 8 and 9, respectively.

Figure 15 (left-hand panel) shows a compari-
son of the percent of total U(VI) reduced as a 
function of time using the Chen2004 and Geo-
phys2 ensembles of realizations. Each is pre-
sented in terms of the mean and upper and lower 
bounds over the set of realizations considered. 
Although there are some differences, the results 
are overall quite similar for the two ensembles, 
indicating that the two methods of incorporat-
ing the geophysical observations led to consis-
tent predictions. For these two cases, the range 
of model predictions (representing uncertainty 
associated with modeled heterogeneity) is mod-
est but signifi cant. Because the scale of the 
numerical experiments is smaller than that of a 
typical fi eld-scale remediation effort, the magni-
tudes of effective bioremediation time are prob-
ably not meaningful. However, the time to 90% 

Figure 13. Cross-sectional plots of simulated distributions of sodium acetate (upper left), 
aqueous Fe(II) (upper right), solid-phase Fe(III) (lower left), and sorbed Fe(II) (lower right) 
at the end of the 200 d simulated biostimulation phase. Note that initial distributions of 
acetate and Fe(II) (both aqueous and sorbed) were uniform and zero concentration. The 
initial distribution of Fe(III) is shown in the center panel of Figure 9; for comparison note 
that 0.1 M approximately equals 40 µmol/cm3 bulk sediment for the model system. 

Figure 14. Cross-sectional plots of simulated distributions of aqueous and attached biomass 
(upper-left and lower-left panels, respectively) and aqueous and sorbed U(VI) (upper-right 
and lower-right panels, respectively) at the end of the 200 d simulated biostimulation phase. 
Note that the initial distribution of attached biomass was uniform with a cell density of 2.0 x 
10 -5 M. The initial distribution of U(VI) (sorbed and aqueous) is shown in Figure 12.
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remediation varies from ~25 to 150 or more 
days, a ratio of six in effective treatment time. 
A potential variation factor of six in predicted 
treatment time would be signifi cant in the con-
text of design and cost estimation for a fi eld 
bioremediation plan. We also note that at this 
particular site, there was observed a positive 
correlation between hydraulic conductivity and 
Fe(III) content. A positive correlation is favor-
able for bioremediation, since it leads to more 
effective delivery of electron donor to zones 

where contaminants preferentially reside. In 
many cases, however, there exists an inverse 
or negative correlation (e.g., Tompson et al., 
1996). A negative correlation would render the 
system even more sensitive to the spatial dis-
tribution of physical and biogeochemical prop-
erties, and would likely greatly increase both 
the required time for bioremediation and the 
uncertainty in model predictions.

The right-hand panel of Figure 15 shows the 
results for individual realizations within the 

Geophys2 ensemble in decreasing order (top 
to bottom in the legend) of total proportion of 
mud facies. It can be seen from this plot that 
the proportion of mud facies is not the  primary 
control on the time to 90% reduction. For 
example, the median case (14.8% mud) takes 
 signifi cantly longer to achieve 90% reduc-
tion than all the other realizations (~150 d), 
whereas the 60th percentile case (14.5% mud) 
reaches 90% reduction most quickly of all the 
realizations (~25 d). By comparing the anima-
tions of U(VI) reduction and the K and Fe(III) 
distributions associated with each realization, 
it is evident that the relatively slow remedia-
tion of realization 12 (the median case) is asso-
ciated with the large low-permeability zone 
near the bottom left of the cross section (see 
Fig. 7, center panel). The 60th percentile case 
(not shown) contains few low-permeability 
zones outside the main mud layer. The smaller 
low-permeability zones near the bottom are 
more effectively penetrated during the U(VI) 
loading stage, and also contain more Fe(III), 
such that the initial concentration of U(VI) is 
higher than in the larger main mud layer. Dur-
ing the relatively rapid remediation stage, the 
bioremediation effectiveness is lower in these 
hydraulically isolated zones.

Figure 16 shows the percent of total U(VI) 
reduced as a function of time for the third 
ensemble of realizations (CoreData), condi-
tioned to core data only. Comparison to Fig-
ure 15 shows that the predictions are very dif-
ferent, both in terms of the mean and the range 
of predicted treatment times. The mean curve 
for the CoreData case falls outside the upper 
bound of the Geophys2 case, and the range of 
predictions is relatively much smaller for the 
CoreData case. This indicates that incorpora-
tion of the geophysical observations as soft data 
in the geostatistical simulation methods sig-
nifi cantly impacts model predictions. Although 
one might expect that more conditioning data 
would lead to a decrease in predictive uncer-
tainty, here the opposite effect was observed. 
We believe this refl ects the lack of ability of the 
geostatistical model to adequately represent the 
heterogeneous structure with only weak condi-
tioning (i.e., large conceptual model error); the 
use of extensive and highly resolved geophysi-
cal observations provides much stronger con-
ditioning and signifi cantly improves the ability 
of the geostatistical methods to represent the 
complex heterogeneous structure of the aquifer. 
In this case, the geophysical observations were 
able to identify smaller low-permeability zones 
that were not inferred from core data alone. As 
discussed already, it appears to be the smaller, 
more isolated low-permeability regions that 
inhibit rapid U(VI) reduction, whereas the 

Animation 8. Animation of simulation results for biostimulation period (200 d following con-
tamination) for the Chen2004 case. The still fi gure shows the frame for time = 100 d. Upper 
left panel—acetate; lower left—Fe(III) oxide (solid). Upper right panel—aqueous Fe(II); 
lower right—sorbed Fe(II). All concentrations are in molar units (M). If you are viewing the 
PDF, or if you are reading this offl ine, please visit http://dx.doi.org/10.1130/GES00029.S8 or 
the full-text article on www.gsajournals.org to view the animation.

Animation 9. Animation of simulation results for biostimulation period (200 d following con-
tamination) for the CoreData case. The still fi gure shows the frame for time = 100 d. Upper 
left panel—acetate; lower left—Fe(III) oxide (solid). Upper right panel—aqueous Fe(II); 
lower right—sorbed Fe(II). All concentrations are in molar units (M). If you are viewing the 
PDF, or if you are reading this offl ine, please visit http://dx.doi.org/10.1130/GES00029.S9 or 
the full-text article on www.gsajournals.org to view the animation.
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large continuous mud layer, which is repre-
sented in the core observations, does not play 
as signifi cant a role because of its lower Fe(III) 
content and lower initial U(VI) content.

CONCLUSIONS

Physical and biogeochemical heterogene-
ity exerts signifi cant control on the processes 
involved in the transport and fate of metals and 

radionuclides in the subsurface environment. In 
the example considered here, we demonstrated 
how diverse data (biogeochemical, hydrogeo-
logic, and geophysical) can be integrated into 
a quantitative model of reactive transport in 
 heterogeneous media. The numerical simula-
tions presented here provide insight into the 
role that physical and chemical heterogeneity 
plays in biogeochemical reaction processes in 
a  particular environment. There is a  continued 

need for joint measurements of spatially dis-
tributed biological, chemical, and physical 
properties of subsurface media in a variety 
of environmental settings. Parallel laboratory 
and fi eld experiments under well-character-
ized conditions are also needed to develop the 
understanding required for proper representa-
tion of heterogeneous (and often correlated) 
physical and biogeochemical aquifer proper-
ties in predictive models of reactive transport 
and bioremediation.

ACKNOWLEDGMENTS

This research was supported by the U.S. Depart-
ment of Energy Natural and Accelerated Bioremedia-
tion Research (NABIR) Program. Access to the South 
Oyster research site was granted by The Nature Con-
servancy, Virginia Coast Reserve.

REFERENCES CITED

Anderson, R.T., Vrionis, H.A., Ortiz-Bernad, I., Resch, C.T., 
Long, P.E., Dayvault, R., Karp, K., Marutzky, S.,  Metzler, 
D.R., Peacock, A., White, D.C., Lowe, M., and Lovley, 
D.R., 2003, Stimulating the in situ activity of Geobacter 
species to remove uranium from the groundwater of 
a uranium-contaminated aquifer: Applied and Envi-
ronmental Microbiology, v. 69, no. 10, p. 5884–5891, 
doi: 10.1128/AEM.69.10.5884-5891.2003.

Balkwill, D., DeFlaun, M., Dobbs, F., Fredrickson, J., 
Fuller, M., Green, M., Ginn, T., Griffi n, T., Holben, W., 
Hubbard, S., Johnson, W., Long, P., Majer, E.,  McInerney, 
M., Onstott, T., Phelps, T., Scheibe, T., Swift, D., White, 
D., and Wobber, F., 2001, Breakthroughs in fi eld-scale 
bacterial transport: Eos (Transactions, American Geo-
physical Union), v. 82, no. 38, p. 417, 423–425.

Bruno, J., Wersin, P., and Stumm, W., 1992, On the infl uence 
of carbonate in mineral dissolution: II. The solubil-
ity of FeCO

3
 (s) at 25 degrees C and 1 atm pressure: 

 Geochimica et Cosmochimica Acta, v. 56, p. 1149–
1155, doi: 10.1016/0016-7037(92)90052-K.

Figure 16. Percent of total U(VI) reduced in the simulated transect as a function of time dur-
ing the 200 d simulated biostimulation period, presented as the mean and range over the 11 
realizations evaluated for the CoreData suite. Axes are plotted at the same scale as those of 
Figure 15 for purposes of comparison. 

Figure 15. (Left) Percent of total U(VI) reduced in the simulated transect as a function of time during the 200 d simulated biostimulation 
period, presented as the mean and range over the 10 and 11 realizations evaluated for the Chen2004 and Geophys2 suites, respectively. 
(Right) Percent of total U(VI) reduced in the simulated transect as a function of time during the 200 d simulated biostimulation period for 
each of the 11 realizations evaluated in the Geophys2 suite. The two highlighted realizations have similar total proportion of mud facies, but 
are at opposite extremes of the range of bioremediation prediction results. 



Reactive transport of metals

 Geosphere, June 2006 235

Burgos, W.D., Royer, R.A., Fang, Y., Yeh, G., Fisher, A.S., 
Jeon, B.H., and Dempsey, B.A., 2002, Theoretical and 
experimental considerations related to reaction-based 
modeling: A case study using iron(III) oxide bioreduc-
tion:  Geomicrobiology Journal, v. 19, no. 2, p. 1–35, 
doi: 10.1080/01490450252864299.

Chen, J., Hubbard, S., and Rubin, Y., 2001, Estimating the 
hydraulic conductivity at the South Oyster site from 
geophysical tomographic data using Bayesian tech-
niques based on the normal linear regression model: 
Water Resources Research, v. 37, no. 6, p. 1603–1613, 
doi: 10.1029/2000WR900392.

Chen, J.S., Hubbard, S., Rubin, Y., Murray, C., Roden, E., and 
Majer, E., 2004, Geochemical characterization using 
geophysical data and Markov chain Monte Carlo meth-
ods: A case study at the South Oyster bacterial transport 
site in Virginia: Water Resources Research, v. 40, no. 12, 
p. W12412, doi: 10.1029/2003WR002883.

Cornell, R.M., and Schwertmann, U., 1996, The iron oxides; 
structure, properties, reactions, occurrence and uses: 
Weinheim, Germany, VCH Verlagsgesellschaft, 573 p.

Davis, J.A., and Kent, D.B., 1990, Surface complexation 
modeling in aqueous geochemistry, in Hochella, M.F., 
and White, A.F., eds., Mineral-water interface geochem-
istry, Reviews in Mineralogy, v. 23: Washington D.C., 
Mineralogical Society of America, p. 177–260.

Davis, J.A., Coston, J.A., Kent, D.B., and Fuller, C.C., 
1998, Application of the surface complexation con-
cept to complex mineral assemblages: Environ-
mental Science & Technology, v. 32, p. 2820–2828, 
doi: 10.1021/es980312q.

DeFlaun, M.F., Murray, C.J., Holben, W., Scheibe, T., Mills, A., 
Ginn, T., Griffi n, T., Majer, E., and  Wilson, J.L., 1997, Pre-
liminary observations on bacterial transport in a coastal 
plain aquifer: FEMS Microbiology Reviews, v. 20, 
p. 473–487, doi: 10.1016/S0168-6445(97)00027-2.

Deutsch, C.V., and Journel, A.G., 1998, GSLIB: Geostatistical 
software library and user’s guide (2nd edition): Oxford, 
Oxford University Press, 368 p.

Esteve-Núñez, A., Rothermich, M, Sharma, M., and 
Lovley, D., 2005, Growth of Geobacter sulferreducens 
under nutrient-limiting conditions in continuous culture: 
Environmental Microbiology, v. 7, no. 5, p. 641–648, 
doi: 10.1111/j.1462-2920.2005.00731.x. 

Hubbard, S.S., Chen, J., Peterson, J., Majer, E.L., Williams, K.
H., Swift, D.J., Mailloux, B., and Rubin, Y., 2001, 
Hydrogeological characterization of the South Oyster 
bacterial transport site using geophysical data: Water 
Resources Research, v. 37, no. 10, p. 2431–2456, 
doi: 10.1029/2001WR000279.

Istok, J.D., Senko, J.M., Krumholz, L.R., Watson, D., 
Bogle, M.A., Peacock, A., Chang, Y.J., and 
White, D.C., 2004, In situ bioreduction of  technetium 

and uranium in a nitrate-contaminated aquifer: 
Environmental Science & Technology, v. 38, no. 2, 
p. 468–475, doi: 10.1021/es034639p.

Lawrence Berkeley National Laboratory, 2003, Bioremedia-
tion of metals and radionuclides: Berkeley, California, 
Lawrence Berkeley National Laboratory Technical 
Report LBNL-42595, 57 p.

Liu, C., Kota, S., Zachara, J.M., Fredrickson, J.K., and 
Brinkman, C., 2001, Kinetic analysis of the bacterial 
reduction of goethite: Environmental Science & Tech-
nology, v. 35, p. 2482–2490, doi: 10.1021/es001956c.

Lovley, D.R., and Phillips, E.J.P., 1986, Organic matter min-
eralization with reduction of ferric iron in anaerobic 
sediments: Applied Environmental Microbiology, v. 51, 
p. 683–689, doi: 10.1111/j.1462-2920.2005.00902.x.

Lovley, D.R., and Phillips, E.J.P., 1992, Bioremediation of 
uranium contamination with enzymatic uranium reduc-
tion: Environmental Science & Technology, v. 26, 
p. 2228–2234, doi: 10.1021/es00035a023.

Lovley, D.R., Phillips, E.J.P., Gorby, Y.A., and Landa, E.R., 
1991, Microbial reduction of uranium: Nature, v. 350, 
p. 413–416, doi: 10.1038/350413a0.

Madigan, M.T., and Martinko, J.M., 2006, Brock Biology 
of Microorganisms: Upper Saddle River, Prentice Hall, 
1088 p.

Mailloux, B.J., Fuller, M.E., Onstott, T.C., Hall, J., 
Dong, H., DeFlaun, M.F., Streger, S.H., Rothmel, R., 
Green, M., Swift, D.J.P., and Radtke, J., 2003, The 
role of physical, chemical, and microbial heterogene-
ity on the fi eld-scale transport and attachment of bac-
teria: Water Resources Research, v. 39, no. 6, p. 1142, 
doi: 10.1029/2002WR001591.

Murphy, E.M., and Ginn, T.R., 2000, Modeling microbial 
processes in porous media: Hydrogeology Journal, 
v. 8, no. 1, p. 142–158, doi: 10.1007/s100409900043.

Nordstrom, D.K., Plummer, L.N., Langmuir, D., 
Busenberg, E., and May, H.M., 1990, Revised chemical 
equilibrium data for major water-mineral reactions and 
their limitations, in Melchior, D.C., and Bassett, R.L., 
eds., Chemical modeling of aqueous systems II: Wash-
ington, D.C., American Chemical Society, p. 398–413.

Roden, E.E., and Scheibe, T.D., 2005, Conceptual and numer-
ical model of uranium(VI) reductive immobilization in 
fractured subsurface sediments: Chemosphere, v. 59, 
p. 617–628, doi: 10.1016/j.chemosphere.2004.11.007.

Roden, E.E., and Urrutia, M.M., 1999, Ferrous iron removal 
promotes microbial reduction of crystalline iron(III) 
oxides: Environmental Science & Technology, v. 33, 
p. 1847–1853, doi: 10.1021/es9809859.

Roden, E.E., and Urrutia, M.M., 2002, Infl uence of biogenic 
Fe(II) on bacterial reduction of crystalline Fe(III) 
oxides: Geomicrobiology Journal, v. 19, p. 209–251, 
doi: 10.1080/01490450252864280.

Roden, E.E., and Zachara, J.M., 1996, Microbial reduc-
tion of crystalline iron(III) oxides: Infl uence of oxide 
surface area and potential for cell growth: Environ-
mental Science & Technology, v. 30, p. 1618–1628, 
doi: 10.1021/es9506216.

Scheibe, T.D., and Chien, Y.-J., 2003, An evaluation 
of conditioning data for solute transport predic-
tion: Ground Water, v. 41, no. 2, p. 128–141, 
doi: 10.1111/j.1745-6584.2003.tb02577.x.

Scheibe, T.D., Chien, Y.-J., and Radtke, J.S., 2001, Use of 
quantitative models to design microbial transport exper-
iments in a sandy aquifer: Ground Water, v. 39, no. 2, 
p. 210–222, doi: 10.1111/j.1745-6584.2001.tb02302.x.

Smith, P.K., Krohn, R.I., Hermanson, G.T., Mallia, A.K., 
Gartner, F.H., Provenzano, M.D., Fujimoto, E.K., 
Goeke, N.M., Olson, B.J., and Klenk, D.C., 1985, 
Measurement of protein using bicinchoninic acid: 
Analytical Biochemistry, v. 150, no. 1, p. 76–85, 
doi: 10.1016/0003-2697(85)90442-7.

Tompson, A.F.B., Schafer, A.L., and Smith, R.W., 1996, 
Impacts of physical and chemical heterogeneity on 
cocontaminant transport in a sandy porous medium: 
Water Resources Research, v. 32, no. 4, p. 801–818, 
doi: 10.1029/95WR03733.

Urrutia, M.M., Roden, E.E., Fredrickson, J.K., and 
Zachara, J.M., 1998, Microbial and geochemical 
controls on synthetic Fe(III) oxide reduction by She-
wanella alga strain BrY: Geomicrobiology Journal, 
v. 15, p. 269–291.

Yeh, G.T., Sun, J.T., Jardine, P.M., Burgos, W.D., Fang, Y.L., 
Li, M.H., and Siegel, M.D., 2004, HYDROGEOCHEM 
5.0: A three-dimensional model of coupled fl uid fl ow, 
thermal transport and hydrogeochemical transport 
through variable saturated conditions—Version 5.0: 
Oak Ridge, Tennessee, Oak Ridge National Laboratory 
Report ORNL/TM-2004/107, 244 p.

Zhang, P., Johnson, W.P., Scheibe, T.D., Choi, K.-H., Dobbs, 
F.C., and Mailloux, B.J., 2001, Extended tailing of 
bacteria following breakthrough at the Narrow Chan-
nel Focus Area, Oyster, Virginia: Water Resources 
Research, v. 37, no. 11, p. 2687–2698, doi: 10.1029/
2000WR000151.

MANUSCRIPT RECEIVED BY THE SOCIETY 19 JULY 2005
REVISED MANUSCRIPT RECEIVED 8 DECEMBER 2005
MANUSCRIPT ACCEPTED 20 DECEMBER 2005


